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This paper presents supercapacitors utilizing new redox-active electrolytes with bromine species. Two
sources of Br specimen were investigated, i.e. dibromodihydroxybenzene dissolved in KOH and potas-
sium bromide dissolved in KOH with hydroxybenzene additive. KOH-activated carbon, exhibiting a well-
developed porosity, was incorporated as an electrode material. The tested systems revealed a capacitance
enhancement explained by Br and partial BrO3 redox activity. The optimisation of the electrolyte
concentration resulted in a capacitance value of 314 F g1 achieved at 1.1 V voltage range. Good cycla-
bility performance (11% capacitance loss) combined with a high capacitance value (244 F g1) were
obtained for the system operating in 0.2 mol L 1 C6H4Br2O2 in 2 mol L 1 KOH electrolytic solution.
© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The electric double-layer capacitors (EDLCs) (also known as
supercapacitors) ﬁll the gap between batteries and conventional
capacitors in terms of speciﬁc power and energy delivered [1]. They
represent complementary energy storage devices which exhibit
several advantages, such as high power (both charge and
discharge), high energy efﬁciency, long cycle life (counted in mil-
lions), no change in performance with cycling and high reliability
[1,2]. The EDLCs store electrical charge in the electric double-layer
formed at electrode/electrolyte interface [2,3]. High surface area
electrode materials, such as activated carbons, can maximize this
interface and result in an increase of capacitance value [4]. Since the
energy density of the device is dependent on the capacitance and
squared voltage (1), it is of signiﬁcant importance to increase bothl (E. Frackowiak).
r B.V. This is an open access article uparameters.
E ¼ 1
2
CU2 (1)
The voltage range of the EDLCs operating in the aqueous me-
dium is thermodynamically limited by a decomposition of water at
1.23 V [5]. Therefore, an attractive way to improve capacitance of
supercapacitor is to introduce the faradaic reactions accompanying
typical EDL charging [6] as the electron transfer processes at the
electrode/electrolyte interface improve the amount of the charge
and the energy stored [7]. Aqueous electrolytes can induce faradaic
reactions with carbon electrodes by a presence of functional groups
(especially oxygen- and nitrogen-based), through hydrogen elec-
trosorption, and by redox reactions at the electrode/electrolyte
interface [7]. In redox-based capacitors, the capacitance is governed
by a reversible faradaic-type charge transfer process which can,
however, be limited by an amount of active material or surface
accessible [8]. Therefore, a developedmesoporosity of the electrodender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Comparison of the molecule structures: a) quinone and b) hydroquinone and c)
2,5-dibromobenzene-1,4-diol.
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from the electrolyte to the surface or in the bulk of the solid elec-
trode material [3,9]. An increase in charge capacity of the super-
capacitors operating in a redox-active electrolyte is a result of
either electro-adsorption of redox species in the porous carbon
electrode material, or interaction with the reactive sites and func-
tional groups on the surface of the carbon material [10e12]. The
electrolytes enhancing the performance of the supercapacitor via
redox reactions can be classiﬁed into: redox additive electrolytes in
which redox active species are added to enable fast electron
transfer redox reactions at the electrode/electrolyte interface (e.g.
hydroquinones), and ‘core’ redox active electrolytes exhibiting
redox activity itself without the supporting electrolyte [13,14]; io-
dides, bromides, as well as conjugated redox-couple systems based
on iodide/vanadium, cerium/bromide and quinone/hydroquinone
pairs [15e22] have been widely reported for this application.
In this research, we have investigated the brominated benzene
derivative, i.e. dibromodihydroxybenzene and bromides, as the
faradaic contributors to the double-layer capacitors. Bromine is a
halogen element found naturally in the earth's crust and seawater
in various chemical forms [23].
It is worth noting that the bromide species were previously
investigated by Yamazaki et al. [16] as an organic salt, i.e. 1-ethyl-3-
methylimidazolium bromide dissolved in 1-ethyl-3-
methylimidazolium tetraﬂuoroborate. Moreover, the interactions
between carbon-based electrode and bromine species have been
studied in Ref. [24]. Here, we present the study of bromide com-
pounds tested at different concentrations of KOH and aimed at
optimizing the operating conditions of the system.
2. Experimental
2.1. Synthesis of dibromodihydroxybenzene
Dibromodihydroxybenzene (2,5-dibromobenzene-1,4-diol)
compound was obtained according to the protocol described else-
where [25]. Brieﬂy, 9.2 mL of bromine in 20 mL of glacial acetic acid
were added dropwise to a suspension of hydroquinone (benzene-
1,4-diol) (10 g) in glacial acetic acid (90 mL) for 1 h at 0 C. After-
wards, the mixture was warmed to a room temperature and stirred
for 4 h. The solid product was ﬁltered and washed with the glacial
acetic acid and hexane before being dried in a vacuum. A yield of
the reaction was noted to be 68% (16.5 g).
We expected that the introduction of bromine to the hydro-
quinones should change their physicochemical properties (con-
ductivity, reactivity, mobility, etc.) and for a comparison purpose
molecular calculations based on DFT theory have been performed.
Fig. 1 presents the molecules of quinone, hydroquinone and 2,5-
dibromobenzene-1,4-diol. The modelling of the molecules was
performed with Gaussian® 03W software using DFT models with
B3LYP functional and 3-21G basis set.
Computational study of the charge distribution provided an
important information about the possible electrochemical activity
of the aforementioned species. Quinone molecule has symmetric
charge distribution, with negligible changes of charge density close
to carbonyl groups, however, no dipole moment can be observed
(0.0003 Debye). Hydroquinone has a dipole moment dependently
on the arrangements of hydroxyl groups (2.92e2.94 Debye). An
incorporation of halide specimen (bromine) signiﬁcantly changes
the charge distribution around the molecule but the dipole
moment seems to be not affected (2.96 Debye). This tendency has a
real reﬂection in solubility of these compoundse quinone is almost
insoluble in polar solvents (like KOH solution used in the study)
while hydroquinone and 2,5-dibromobenzene-1,4-diol are greatly
soluble. Moreover, it seems that the molecule is prone to thenucleophilic attack (e.g. oxidation) from the bromide side, and the
molecule tends to decrease or equilibrate the negative charge but
on the other hand, the free energy for the molecule is signiﬁcantly
lower for brominated species. This might explain a superior
capacitance values observed for electrolytes containing brominated
hydroquinones when compared to a control solution of hydroqui-
none with an equivalent concentration of bromides.
It has been also found that the addition of 2,5-dibromobenzene-
1,4-diol might slightly enhance the conductivity of the electrolyte
solution; a HOMO/LUMO gap calculated (unoccupied and occupied
orbitals are presented in Fig. 1) is the highest for brominated hy-
droquinone molecule and the lowest for quinone.
2.2. Electrode preparation
The experimental work on 2,5-dibromobenzene-1,4-diol, as a
source of redox reactions in the electrolyte, was conducted with an
application of carbon Norit SX2 which was a subject to KOH acti-
vation in 1:4 ratio of precursor to activating agent [26,27], labelled
as AAC.
The electrodes for the Swagelok system® were prepared by
mixing the KOH-activated carbon AAC (85 wt%), poly(vinylidene
ﬂuoride) (PVdF) Kynar HSV900 from Arkema, France, (10 wt%) and
carbon black Timcal C65 (5 wt%) in a mortar by adding approx.
10 mL of acetone to a mixture of all the constituents and mixing
until its evaporation. The obtained powder was pressed under
5 ton cm2 in order to form the pellets which then were dried
under a vacuum at 120 C for 2 h. The ready-to-use electrodes were
in a form of pellets of a diameter of 10 mm and a thickness of ca.
0.2 mm.
2.3. Physico-chemical characterisation of the carbon materials
Hitachi Model S-3400 N Scanning Electron Microscope equip-
ped with quad-type semiconductor backscattered electron (BSE)
detector was used to investigate the surface morphology of the
carbons. The energy-dispersive spectrometry (EDS) enabled a
Table 1
Measured capacitance values for the cells incorporating 0.2 mol L1 C6H4Br2O2
operating in different molar concentrations of KOH.
C [F g1] KOH concentration [mol L1]
1 2 4 6
CV, 5 mVs1 126 268 262 203
GCPL, 0.5 Ag-1 128 272 257 239
PEIS, 1 mHz 133 318 274 192
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before and after chemical activation. A Spectral Imaging Mode was
applied to acquire a data set of dead-time-corrected spectra at
every point (pixel) in a map. As a result, the spectra for qualitative
and quantitative analyses were generated.
The BET speciﬁc surface (SBET) and pore size distribution were
determined by conducting a nitrogen adsorption/desorption anal-
ysis recorded at 77 K using ASAP 2420 device fromMicromeritics®.
Before the measurements, the samples were degassed under a
vacuum for 12 h at 350 C. The speciﬁc surface area was calculated
by applying the BrunauereEmmetteTeller (BET) equation to the N2
adsorption data, while the average pore size L0 was calculated by
applying the Dubinin-Radushkevich (DR) and Stoeckli equations
[28]. The pore size distribution (PSD) was determined from the
two-dimensional non-local density functional theory (2D-NLDFT)
model [29]. This technique introduces the energetic heterogeneity
and geometrical corrugation to model the carbon pores and hence
eliminates the artefacts present in a standard non-local density
functional theory (NLDFT).
2.4. Electrochemical testing
The electrochemical measurements were performed in two-
and three-electrode Teﬂon Swagelok system® vessels. The cells
consisted of two pellet electrodes separated with a microﬁber glass
disc (GF/A Whatman™, 0.26 mm thick), placed between stainless
steel (316 L) current collectors and immersed in an electrolyte. The
electrolytic solutions were based on brominated hydroquinone
(C6H4Br2O2) and bromide species (KBr), dissolved in KOH
(1e6 mol L1). In order to ﬁnd the optimal ratio between bromi-
nated hydroquinone and KOH concentration, the following solu-
tions have been investigated:
 1e6 mol L1 KOH to ﬁnd an optimal KOH concentration for
reference systems
 0.2 mol L1 C6H4Br2O2 in 1e6 mol L1 KOH to ﬁnd a beneﬁcial
KOH concentration with brominated hydroquinones,
 0.05e0.5 mol L1 C6H4Br2O2 in 2 mol L1 KOH to ﬁnd the
optimal brominated hydroquinone concentration,
 0.2 mol L1 C6H6O2 þ 2 mol L1 KOH þ 0.4 mol L1 KBr to
observe the inﬂuence of the bromine from the inorganic salt,
freely dissolved in the solution and not bound to the
hydroquinone
 0.2 mol L1 C6H6O2 þ 2 mol L1 KOH served for a comparison
with above electrolytes
The performance of the supercapacitors was evaluated by cyclic
voltammetry method (CV) with a scan rate from 1 to 100 mV s1,
galvanostatic charge-discharge (GCPL) from 0.1 to 10 A g1, and
electrochemical impedance spectroscopy (EIS) in a frequency range
from 100 kHz to 1 mHz. In order to investigate the supercapacitor
ageing, a galvanostatic cycling (5000 cycles) with a current load of
2 A g1 in a voltage range from 0 to 0.8 V was applied. A Hg/HgO in
6 mol L1 KOH reference electrode (þ0.098 V vs. Standard
Hydrogen Electrode) was applied for three-electrode investigations
aimed at determining a potential of the electrodes. All the mea-
surements were performed on VMP3 multichannel potentiostat/
galvanostat (BioLogic, France). The capacitance values were
expressed per active mass of a single electrode.
3. Results and discussion
3.1. Surface texture characterisation of the carbons
The SEM micrographs of Norit SX2 carbon before and afterchemical activation indicate that the KOH treatment reduced the
size of the carbon particles. In addition to this, the alkali activation
has an impact on the increase of the porosity of the carbon particles
(see Supplementary materials, Fig. SM 1).
The nitrogen adsorption isotherms at 77 K and a corresponding
pore-size distribution (Fig. SM2) of the commercially available
carbon Norit SX2, activated AAC carbon and the electrode material
with additives are of the type I isotherms with a characteristic H4-
type hysteresis loop according to the IUPAC classiﬁcation [30]. The
measured BET surface area: 718 m2 g1 and 1964 m2 g1 of Norit
SX2 and AAC, respectively, indicates that KOH activation contrib-
uted to a signiﬁcant increase of the micropores e observed from a
gradual step of the isotherms at low relative pressure (p/p0 <0.3)
[31]. A considerable increase of micropores and mesopores volume
was noted in the case of AAC. The pellet electrodes noted a drop to
1514 m2 g1 (Fig. SM2, a blue isotherm) in BET surface area. It
should be noted that the available micropores contribute to the
accessibility of the investigated molecules, i.e. C6H4Br2O2 of 9.29 Å
and 11.25 Å in width and length, respectively. The available small
mesopores (2e5 nm) in AAC structure enable ion migration from
electrolyte bulk to micropores, especially when considering the
process of charging and discharging [32].3.2. Electrochemical testing
It was determined from the preliminary tests that 2,5-
dibromobenzene-1,4-diol is soluble in the alkaline medium.
Therefore, further studies, incorporating a new compound, were
performed with the use of KOH as a primary electrolytic solution.
First electrochemical tests were aimed at determining an optimal
concentration of KOH in the system. The initial concentration of
0.2 mol L1 C6H4Br2O2 was selected as a reference, based on the
previous work dedicated to dihydroxybenzenes [33].
Table 1 presents the capacitance values calculated for the
supercapacitors operating in 0.2 mol L1 C6H4Br2O2 in various
concentrations of KOH (1, 2, 4, and 6 mol L1, respectively).
It could be observed that the highest capacitance was noted for
the system operating in 0.2 mol L1 C6H4Br2O2 þ 2 mol L1 KOH,
reaching the value of 268 F g1 at the scan rate of 5mVs1, 272 F g1
calculated from galvanostatic charge/discharge at a current density
of 0.5 A g1 and 318 F g1, measured by EIS at 1 mHz. The lowest
capacitance values exhibited the cell incorporating 0.2 mol L1
C6H4Br2O2 þ 1 mol L1 KOH and the values were of the order of
126 F g1 at the scan rate of 5 mVs1. Capacitance vs. frequency
dependence (Fig. 2) conﬁrmed that the supercapacitor utilizing
solutions of 0.2 mol L1 C6H4Br2O2 in 2 mol L1 exhibited the
highest measured capacitance value.
A sharp capacitance decay at low frequencies (1e5 mHz) sug-
gests the typical faradaic origin of the capacitance and is in good
accordance with the results from other electrochemical techniques
(CV and GCPL).
Cyclic voltammetry technique (Fig. SM 3) conﬁrmed a strong
inﬂuence of the KOH concentration on the capacitance values.
Moreover, the faradaic response has been identiﬁed by
Fig. 2. Capacitance vs. frequency of the cells with 0.2 mol L1 C6H4Br2O2 in different
concentrations of KOH.
Scheme 1. Several reaction pathways of 2,5-dibromobenzene-1,4-diol during super-
capacitor operation.
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droquinone redox couple, observed at ca. 0.1 V for the cells oper-
ating in 2 and 4 mol L1 KOH. It has to be noticed here that the
pseudocapacitive response might have several origins. A part of the
pseudocapacitance certainly comes from the redox activity of hy-
droquinone/quinone couple in alkaline medium as described by
following reactions [34,35]:
Q þ e4 Q (2)
Q þ HA4 A þ HQ (3)
HQ þ e4 HQ (4)
HQ þ HA4 H2Q þ A (5)
but the bromine incorporated into hydroquinone molecule is sup-
posed to provide additional one, related to the following reactions:
2Br4 Br2aq þ 2e (6)
Br2aq þ 2H2O4 2BrO þ 4Hþ þ 2e (7)
Br þ 2OH4 2BrO þ 4H2O þ 2e (8)
BrO þ 4OH4 BrO3 þ 2H2O þ 4e (9)
Br þ 3H2O4 BrO3 þ 6Hþ þ 6e (10)
In alkaline medium, free bromine (Br2) is quickly oxidized to
BrO and might be further oxidized to BrO3 but only at higher cell
voltages. This great variety of oxidation states has an important
impact on redox activity of hydroquinone, and a synergistic effect
can be expected. One should consider that bromine can be present
in the electrolytic solution as a simple ion (Br) coming from
brominated hydroquinone but also can shift the redox potentials of
the hydroquinone/quinone couple towards more positive values
being incorporated in hydroquinone aromatic ring.
Apart from typical redox activity of aforementioned species, a
general chemistry at the interface seems to be of a complex nature
and several processes may occur at the same time as presented in
Scheme 1.
2,5-dibromobenzohydroquinone in alkaline solution is verywell soluble due to the formation of potassium phenolate in reac-
tion with KOH. Resulted phenolate ion facilitates further elimina-
tion of bromine anion because of high electron density close to
bromine atom in applied process conditions and typical tautomeric
(quinone/hydroquinone) transformation. Therefore, it might be
postulated that each bromine atom contributes to a single electron
transfer. Analogous compounds substituted with chlorine and
ﬂuorine atoms are much less reactive because the strength of the
CeCl and CeF bonds is higher, which can be also documented on
the basis of the average length of the carbon-halogen bonds:
CeF ¼ 135 pm, CeCl ¼ 177 pm, CeBr ¼ 194 pm and CeI ¼ 214 pm.
Therefore iodine forms the weakest bond with carbon and is the
most reactive while ﬂuorine is the strongest one. It is obvious that
F, Cl ions are signiﬁcantly less reactive comparing to bigger I
and Br ions in many chemical reactions.
This faradaic contribution could be noticed for all the cells apart
from 0.2 mol L1 C6H4Br2O2 þ 1 mol L1 KOH (see Fig. SM3). We
assume that the concentration of KOH was too low to observe any
signiﬁcant difference in supercapacitor performance. On the other
hand, the capacitance decline, as well as a deterioration of charge
propagation, were observed at the higher concentrations of KOH,
i.e. 4 and 6 mol L1, what could be attributed to the limited solu-
bility of the tested compound.
Moreover, the Nyquist plots (Fig. SM 4) demonstrated the
smallest imaginary resistance for the cells with 0.2 mol L1
C6H4Br2O2 in 2 mol L1 KOH. A magniﬁcation of the high-frequency
region (100 kHze100 mHz) indicates diffusion variances in the
performance of the systems operating at different concentrations of
the applied solvent. It could be observed that the value of the real
part of the impedance Re(Z) is inversely proportional to the molar
concentration of KOH. This implies that the ions from electrode/
electrolyte interface can migrate more rapidly in the solution uti-
lizing the medium of higher conductivity.
Fig. 4. Comparison of the capacitance vs. frequency of the systems operating in
0.2 mol L1 C6H4Br2O2 in 2 mol L1 KOH solution, 0.2 mol L1 C6H6O2 þ 2 mol L1
KOH þ 0.4 mol L1 KBr solution (‘external’ bromide source) and 0.2 mol L1 C6H6O2 in
2 mol L1 KOH as well as 2 mol L1 KOH solutions.
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consisting of bromine-modiﬁed specimen (C6H4Br2O2) with
another source of bromide ions, the following redox additive
electrolytes were applied for the supercapacitors: 0.2 mol L1
C6H4Br2O2 in 2 mol L1 KOH and 0.2 mol L1 C6H6O2 in 2 mol L1
KOH with 0.4 mol L1 KBr as a bromide source. Additionally, the
solutions of 0.2 mol L1 C6H6O2 þ 2 mol L1 KOH, and 2 mol L1
KOH were used to distinguish an effect of bromide specimen in
primary electrolytic solutions.
From cyclic voltammetry method (Fig. 3) one could conclude
that the cell operating in 0.2 mol L1 C6H4Br2O2 in 2 mol L1 KOH
solution exhibits the highest redox-activity with corresponding
values of the capacitance.
The system incorporating KBr with an addition of C6H6O2 in
2 mol L1 KOH displayed typical reduction/oxidation peaks of
quinone/hydroquinone which could be also observed for the
supercapacitor operating in 0.2 mol L1 C6H6O2 in 2 mol L1 KOH.
The proﬁle of the cyclic voltammograms was in a good accordance
with the results obtained for the alkaline media [18].
Electrochemical impedance spectroscopy conﬁrms the results
obtained by cyclic voltammetry.
In Fig. 4 one can observe that the highest capacitance values
were recorded for the system utilizing brominated hydroquinone
and the lowest for 2 mol L1 KOH solution. On one hand, the in-
ﬂuence of bromine activity is well pronounced at low frequencies
(up to 5 mHz), but the electrolytic solution utilizing KBr as a bro-
mide source did not display it so clearly. On the other hand, KOH
solution with hydroquinone additive exhibits higher capacitance
values than unmodiﬁed one. Hence, we assume that the highest
capacitance recorded originates both from hydroquinone/quinone
as well as bromine activity.
Since the pseudocapacitance of redox-active species depends on
the amount of redox-active specimen in the solution, further
studies focused on determining an optimal concentration of the
redox-active compound of C6H4Br2O2 in 2 mol L1 KOH that could
result in enhanced capacitance values combined with a high sta-
bility of the system.
Integral capacitance corresponding to the area of the CV proﬁles
(Fig. 5) reﬂects the highest capacitance values for the super-
capacitors operating in 0.5 mol L1 (262 F g1) and 0.2 mol L1
(236 F g 1), respectively.Fig. 3. Comparison of the cyclic voltammograms (5 mVs1) of the cells operating in
0.2 mol L1 C6H4Br2O2 in 2 mol L1 KOH solution, 0.2 mol L1 C6H6O2 þ 2 mol L1
KOH þ 0.4 mol L1 KBr solution (‘external’ bromide source) and 0.2 mol L1 C6H6O2 in
2 mol L1 KOH as well as 2 mol L1 KOH solutions.
Fig. 5. Cyclic voltammograms (5 mVs1) of the supercapacitors utilizing different
concentrations of C6H4Br2O2 in 2 mol L1 KOH.Unsurprisingly, the lowest capacitance values were noted for the
cells incorporating the solutions of 0.05 and 0.1 mol L1 C6H4Br2O2
in 2 mol L1 KOH.
If compared with the same amount of Br in the solution orig-
inated from KBr and dissolved in 0.2 mol L1 C6H6O2 in 2 mol L1
KOH a decrease of the capacitance with an increase of the con-
centration of the bromine is observed (Fig. 6).
The capacitance of the cell with 0.2 mol L1 C6H6O2 þ 2 mol L1
KOH þ 1 mol L1 KBr was equal to 226 F g1 while the highest
capacitance value of 253 F g1 was noted for 0.2 mol L1
C6H6O2þ 2mol L1 KOHþ 0.4 mol L1 KBr. This might be explained
by limited accessibility of bromine and hydroquinone species at the
interface.
Three electrode measurements were performed with Hg/HgO in
6 KOHmol L1 as the reference electrode, in order to determine the
operating potential of the electrodes (Fig. SM 6). The obtained re-
sults conﬁrmed that the system operating in 0.2 mol L1 C6H6O2 in
2 mol L1 KOH þ 0.4 mol L1 KBr neither on the positive nor on the
negative electrodes revealed a redox response. On contrary to this,
Fig. 6. Cyclic voltammograms (5 mVs1) of the supercapacitors operating in different
molar concentrations of KBr þ 0.2 mol L1 C6H6O2 þ 2 mol L1 KOH.
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C6H4Br2O2 þ 2 mol L1 KOH at the concentrations of 0.5 and
0.2 mol L1 indicated a faradaic contribution on the positive elec-
trodes and a hydrogen storage phenomena observed on the nega-
tive electrodes below 0.1 V vs. NHE. It was proved earlier [36] that
KOH can be successfully exploited as the electrolyte for hydrogen
storage in negative electrode. From the Nyquist spectra (Fig. SM 7)
it can be observed that the most capacitive behaviour combined
with the lowest imaginary resistance of the full cell exhibited the
system containing 0.2 mol L1 C6H4Br2O2 in 2 mol L1 KOH.
In order to evaluate a cycle durability of the cells, the cyclability
measurements were performed at a current load of 2 A g1 (Fig. 7).
The redox activity of the systems operating from 0.2 to 0.5 mol L1
C6H4Br2O2 in 2 mol L1 KOH was observed by a capacitance in-
crease at the beginning of the cycle-life tests.
Two cells with the highest concentration of C6H4Br2O2 exhibited
the capacitance loss of 25%. An order of magnitude lower capaci-
tance values in conjunction with the lowest capacitance loss (6%)
were noted for the system operating in 0.05 mol L1 C6H4Br2O2 in
2mol L1 KOH. The evaluation of the supercapacitors' performance,
based on the cycling tests, showed the most promising systems
exhibiting the highest capacitance values, i.e. 0.5 mol L1Fig. 7. Capacitance vs. cycle no. of the supercapacitors operating in different concen-
trations of C6H4Br2O2 in 2 mol L1 KOH, current regime 2 A g1.
Fig. 8. Extending potential window of the supercapacitor operating in 0.5 mol L1
C6H4Br2O2 in 2 mol L1 KOH, b) 0.2 mol L1 C6H4Br2O2 in 2 mol L1 KOH, c) 0.2 mol L1
C6H6O2 in 2 mol L1 KOH þ 0.4 mol L1 KBr, respectively.C6H4Br2O2 in 2 mol L1 KOH and relatively low capacitance loss
after 5000 cycles (11%) for 0.2 mol L1 C6H4Br2O2 in 2 mol L1 KOH.
Therefore, further electrochemical investigations incorporated
these two electrolytes were compared with 0.4 mol L1
KBr þ 0.2 mol L1 C6H6O2 þ 2 mol L1 KOH as the electrolyte and
exhibited the highest capacitance values for the system with the
introduced bromide species.
D. Gastol et al. / Journal of Power Sources 326 (2016) 587e594 593The operational voltage range is one of the most important
factor inﬂuencing the energy of the supercapacitor [5]. Therefore,
the cyclic voltammetry at an extended voltage was applied for the
cells incorporating three investigated electrolytes. The cyclic vol-
tammetry was performed at a scan rate of 5 mVs1 with a voltage
shift of 100 mV in the range from 0.6 to 1.6 V. It has to be noticed
that the voltage of the systems operating in KOH electrolytic so-
lutions is rather moderate (ca. 0.8 V), because of low overpotentials
of oxygen evolutions on the positive electrode and quick perfor-
mance fade if overcharged. Hence, an improvement of the cell
voltage accompanied by capacitance enhancement is an important
issue for alkaline-based capacitors.
From the obtained cyclic voltammograms (Fig. 8) one can
observe the redox behaviour of the cells with 0.5 mol L1
C6H4Br2O2 in 2mol L1 KOH and 0.2 mol L1 C6H4Br2O2 in 2mol L1
KOH attributed to Br, BrO and BrO3 activity.
The highest measured capacitance was noted for the cell
incorporating 0.5mol L1 C6H4Br2O2 in 2mol L1 KOH. The increase
in the capacitance was registered up to 1.1 V, and it was of the order
of 314 F g1 (Fig. SM 8). The solution containing a lower concen-
tration of brominated species exhibited capacitance increase up to
1.0 V with the value of 244 F g1, whereas, the supercapacitor
operating in 0.2 mol L1 C6H6O2 in 2mol L1 KOHþ 0.4 mol L1 KBr
demonstrated an increase in the capacitance value at 1.2 V in a
range of 272 F g1. The explanation of the observed phenomenon is
directly related to the activity of bromine in alkaline solutions. At
low cell voltages, the faradaic contribution from bromine originates
from the activity of Br/BrO couple. At higher cell voltages, BrO is
prone to oxidation towards BrO3 and this process seems to be
rather irreversible. Moreover, BrO3 stability is very close to the
region of OH oxidation and oxygen evolution. Once electrolyte is
being decomposed, the efﬁciency of the charging/discharging
process is deteriorated and the discharge capacity decreases. From
all the results performed on the systemwith optimal concentration
(0.2 M HQBr) it seems that the voltage range of capacitor can be
easily extended to 1.4 V and reversibility is still acceptable. We do
agree that for this system the voltage value of 1.5e1.6 V is already
too high and can provoke decomposition of the electrolyte with
some gas evolution. Notwithstanding, at 1.1 V of the cell voltage,
the speciﬁc energy of the system is of 13 Wh kg1, i.e. almost twice
higher than at 0.8 V (6.4 Wh kg1).4. Conclusions
We have demonstrated the supercapacitors operating in redox-
active electrolytes. The new compound of C6H4Br2O2 dissolved in
2 mol L1 KOH was successfully introduced as the source of the
pseudocapacitance in the supercapacitor. It was conﬁrmed that
the presence of bromide species in the electrolyte contributes to
the increase of the capacitance and a charge propagation of the
system. It was proved that 0.5 mol L1 C6H4Br2O2 in 2 mol L1
KOH gives higher capacitance values than an equivalent amount of
bromide in the same solution. The obtained results demonstrated
that a well-developed micro- and mesoporous structure of the
carbon electrode in conjunction with the redox-active ions con-
tributes to a good charge propagation. Finally, the energy of the
system has been improved with no detrimental impact on the
cycle-life.Acknowledgements
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